The tilt of the columnar microstructure has been studied for Cu and Cr thin films grown offnormally using highly ionized vapor fluxes, generated by the deposition technique high power impulse magnetron sputtering. It is found that the relatively large column tilt (with respect to the substrate normal) observed for Cu films decreases as the ionization degree of the deposition flux increases. On the contrary, Cr columns are found to grow relatively close to the substrate normal and the column tilt is independent from the ionization degree of the vapor flux when films are deposited at room temperature. The Cr column tilt is only found to be influenced by the ionized fluxes when films are grown at elevated temperatures, suggesting that film morphology during the film nucleation stage is also important in affecting column tilt. A phenomenological model that accounts for the effect of atomic shadowing at different nucleation conditions is suggested to explain the results. V C 2013 AIP Publishing LLC. [http://dx
Tilt of the columnar microstructure in off-normally deposited thin films using highly ionized vapor fluxes The tilt of the columnar microstructure has been studied for Cu and Cr thin films grown offnormally using highly ionized vapor fluxes, generated by the deposition technique high power impulse magnetron sputtering. It is found that the relatively large column tilt (with respect to the substrate normal) observed for Cu films decreases as the ionization degree of the deposition flux increases. On the contrary, Cr columns are found to grow relatively close to the substrate normal and the column tilt is independent from the ionization degree of the vapor flux when films are deposited at room temperature. The Cr column tilt is only found to be influenced by the ionized fluxes when films are grown at elevated temperatures, suggesting that film morphology during the film nucleation stage is also important in affecting column tilt. A phenomenological model that accounts for the effect of atomic shadowing at different nucleation conditions is suggested to explain the results. Thin films grown by physical vapor deposition (PVD) techniques often exhibit a columnar microstructure. The latter emerges when thermodynamics and kinetics favor VolmerWeber type growth, which yields formation of spatially separated atomic nuclei. As more atoms arrive at the film surface, the nuclei grow in size, coalesce, and may develop in a columnar fashion. If the deposition flux impinge at an angle other than zero with respect to the substrate normal, the initially formed nuclei shadow the area behind them, causing no deposition to occur in the shadowed region as more atoms are supplied from the vapor. 1, 2 This leads to formation of underdense structures, in which spatially separated columns are tilted towards the direction of the incident vapor. 1, 2 Off-normal growth is commonly encountered when depositing on threedimensional objects using directional fluxes. In this case, shadowing can be detrimental for the film quality if uniform and dense coatings are required. The off-normal deposition can also be intentionally exploited to grow nanostructured films-this approach is known as glancing angle deposition (GLAD)-engineering the columnar structure into, e.g., helical, vertical posts, and zig-zag patterns, [1] [2] [3] or into combinations thereof. 4 Some of the most notable applications of these nanostructured films are as anti-reflective coatings 5 and threedimensional photonic crystals. 6 Control of column tilt and separation is a prerequisite for tailoring the properties and the functionality in offnormally deposited films. 1 Variation of the composition 7 or the spatial distribution of the deposited material, e.g., by employing more than one material source 8, 9 or by varying the deposition pressure, 10 can influence the degree of column tilt. The latter may also be affected by changing the surface mobility of the film forming species, e.g., by varying the growth temperature 11, 12 and the deposition rate. 13, 14 An ionized deposition flux can also be employed to influence the angular distribution of the deposited material, since the trajectories of charged species can be manipulated by the use of electric and/or magnetic fields. [15] [16] [17] [18] A technique that can be used to generate highly ionized deposition fluxes is high power impulse magnetron sputtering (HiPIMS). [19] [20] [21] [22] [23] Previously, HiPIMS has been employed for the deposition of Ta films on substrates placed at an angle of 90 with respect to the sputtering target normal, yielding films with columns positioned along the substrate surface normal. 24 On the other hand, the columns of films deposited using direct current magnetron sputtering (DCMS), which yields relatively small degrees of ionization of the sputtered material, were inclined towards the incoming flux. 24 Similar observations were made for off-normally deposited Cr films where it was found that the tilt of the columns approached the substrate normal as the degree of ionization of the sputtered material was increased by appropriate tuning of the HiPIMS process parameters. 25 The importance of these findings for technologically relevant applications has manifested itself in the uniform filling of nanometer-to micrometer-sized trenches by various metallic films 26, 27 as well as in the growth of uniform ceramic coatings on cutting tools of complex geometry. 28 The ability to control column tilt when employing highly ionized fluxes in an off-normal deposition arrangement was explained by the deflection of ions closer to the substrate normal as a result of the high negative bias potential of several tens or hundreds of volts that was applied to the substrates in the aforementioned studies. Substrate bias may though not only change incidence angle of the ions but also accelerates those ions towards the growing film. Energetic ion bombardment is known to increase surface diffusion, 29 create surface defects that act as preferential nucleation sites, 30 disrupt small atomic clusters, and thereby a)
Author to whom correspondence should be addressed. increase the nucleation density. 31, 32 Furthermore, when altering the HiPIMS process parameters to vary the ionization degree of the sputtered materials, the film deposition rate is also influenced. 20 All the above-mentioned factors are known to affect the kinetic conditions during film nucleation and growth. The correlations between nucleation and growth kinetics, and the column tilt in films grown off-normally from highly ionized fluxes remain to be investigated.
In the present study, we seek to contribute to the understanding of the fundamental mechanisms that determine the column tilt in off-normally deposited films using highly ionized fluxes. We implement a strategy that enables us to vary the degree of ionization of the sputtered material and at the same time keep the energy of the deposited species at a minimum level. Films are also grown at process conditions that yield different degrees of ionization of the sputtered material while the film deposition rate is kept constant in order to assess the effect of the latter on the column tilt. Moreover, the importance of the nucleation and post nucleation film formation stages at different growth kinetic conditions and at well-controlled ionization degrees of the deposition flux is investigated with respect to the column tilt. Monte Carlo simulations are also utilized to study the effect of the deposition conditions on the energy distributions and the angular spread of the sputtered species. A phenomenological model that accounts for the effect of nucleation characteristics and direction of the deposition flux on the atomic shadowing during off-normal film growth is proposed to explain the results.
II. EXPERIMENTAL PROCEDURE AND STRATEGY

A. General experimental procedure
Films were synthesized in a chamber with a base pressure of 8 Â 10 À6 Pa. The chamber was equipped with two magnetrons on which circular targets with a diameter of 50.8 mm were mounted. One of the magnetrons was facing the substrate, while the other was placed at an angle of 90 with respect to the substrate surface normal as illustrated in Fig. 1 . The distance between the stationary substrate and the target was about 90 mm for both magnetrons. Si (001) wafers covered by a $2 nm native oxide were used as substrates. The deposition rate was monitored by a quartz crystal microbalance (QCM) mounted close to the position of the substrate. Argon, with a minimum purity of 99.9997%, was employed as sputtering gas to achieve a working pressure of 0.7 Pa. Cu and Cr were chosen as target materials, since the respective films exhibit distinctly different growth behaviors as dictated by kinetics. This can be understood by taking into account the differences in the melting temperatures between Cu and Cr (1358 and 2180 K, respectively), 33 which leads to a higher mobility of the Cu adatoms at the same growth temperature.
Films were deposited using HiPIMS, as well as DCMS, for reference. The HiPIMS depositions were performed using a SPIK 1000A (Melec GmbH) pulsing unit fed by a direct current (DC) generator (MDX Pinnacle, Advanced Energy). The process time dependent voltage and current waveforms were measured using a 1:100 voltage divider and a current clamp (Chauvin Arnoux C160), respectively, and monitored on a digital oscilloscope (Tektronix TDS 520 C). These waveforms were employed to calculate the average target power. For the DCMS experiments, an Advanced Energy MDX 1 K DC generator was utilized. The discharge power, voltage, and current were obtained directly from the readout of the generator. The effect of the deposition conditions on the column tilt as well as the film thickness were evaluated by scanning electron microscopy (SEM, LEO 1550 Gemini) observations of cryofractured cross-sectional samples. The column tilt angles were measured from the substrate surface normal, i.e., an increase in the measured angle signifies columns tilted further away from the substrate surface normal.
Due to the ductile nature of Cu, poor adhesion between film and substrate was in many cases encountered during preparation of samples for SEM analysis. To improve the adhesion and thus the sample preparation efficiency, a number of substrates were coated with a $120 nm Ti adhesion layer prior to the deposition of the Cu film. The Ti layer was grown employing DCMS at a constant average power of 100 W from the magnetron facing the substrate. Samples were also grown directly on the bare Si substrates and carefully prepared to study possible effects of the Ti layer on the column tilt. Although not explicitly needed, Cr films were grown both with and without the Ti layer for comparison purposes. No influence of the Ti layer on the tilt of the columnar microstructure was found neither for Cu nor for Cr films.
B. Specific experimental strategy
In total, five sets of samples were deposited as detailed below and summarized in Table I . (increasing with decreasing frequency). The degree of ionization of the sputtered material in HiPIMS is known to depend strongly on I Tpd where a larger value results in a larger ionization degree. 20 Thus, variation of this quantity enables one to tune the amount of ionized species available for deposition and study their implications on the film growth. For reference, films were also deposited by DCMS at a constant average power of 200 and 150 W for Cu and Cr, respectively.
Set 2: An increase in I Tpd is known to result in a reduction of the film deposition rate. 20, 34, 35 To study its effect on the column tilt, films were deposited using the procedure described in set 1, with the only difference being that the film deposition rate, as measured by the QCM, was held constant by adjusting the average power applied to the target. The qualitative validity of the values delivered by the QCM was confirmed by cross-sectional SEM observations. Set 3: Variation of I Tpd and thus of the degree of ionization of the sputtered material affects also the conditions of energetic bombardment that the film experiences during growth. The latter, in turn, may affect the adatom mobility and, through this, nucleation and post nucleation characteristics. Therefore, a $500 nm Cu film was grown at a I Tpd value of 2.0 Acm À2 directly followed by another $500 nm at 0.2 Acm
À2
, thus using the first 500 nm as growth template. The obtained column tilt was subsequently compared to that in films from set 1 grown at a constant I Tpd .
Set 4: As mentioned in Sec. II A, the kinetic conditions during growth of Cu and Cr are distinctly different. In this set, Cr films were deposited using DCMS at elevated temperatures, ranging from room temperature to 340 C. The highest temperature corresponds to a homologous temperature (T s /T m ) of $0.28 which is comparable to the T s /T m value ($0.22) during growth of Cu at room temperature. Thus, the effect of growth kinetics on the column tilt could be explicitly investigated while maintaining a well-defined and relatively small degree of ionization by employing DCMS. In addition, a Cr film was also grown using HiPIMS (I Tpd ¼ 1.0 Acm
) at 340 C. Set 5: In this set, a $1 lm Cr film was grown by DCMS by increasing the deposition temperature from room temperature to 340 C after depositing $500 nm. Subsequently, the column tilt in this film was compared to that of films grown using DCMS at constant temperature (set 4) seeking to shed light on the relevance of nucleation and post nucleation characteristics for the column tilt.
C. Simulation of particle transport
In order to investigate possible effects on the column tilt arising from changes in the energies and trajectories of sputtered species due to collisions with the buffer gas atoms, the energy and angular distributions of the sputtered species at the substrate were estimated employing the Monte Carlo based SIMTRA code. 36 A screened Coulomb potential (Molière type) was used to describe the interactions between the sputtered species (Cu and Cr) and the buffer gas. The gas temperature was set to 300 K. The initial energy and angular distributions of the sputtered species were obtained from the SRIM code, 37 using an incidence energy of the impinging Ar þ ions equal to the discharge voltages used in the DCMS and HiPIMS depositions.
III. RESULTS AND DISCUSSION
The cross-sectional SEM micrographs of two representative Cu films deposited at a constant average power of 200 W by DCMS and by HiPIMS, using a I Tpd of 2.1 Acm
À2
(corresponding to a pulsing frequency of 250 Hz), are shown in Figs. 2(a) and 2(b) , respectively. In both cases, an underdense columnar microstructure is observed with columns tilted towards the incident deposition flux (indicated by arrows). The tilt angle of the columns in the sample deposited by DCMS is $53 which is larger than the angle of the columns in the HiPIMS grown sample ($38
). The corresponding micrographs for Cr films grown at a constant average power of 150 W are also presented in Fig. 2 
(Figs. 2(c) and 2(d) for DCMS and HiPIMS (I Tpd ¼ 1.4 Acm
À2 ) grown films, respectively). Similarly to the Cu films, the Cr films exhibit an underdense microstructure titled towards the sputtering source. In contrast to the Cu films, both Cr films exhibit the same column tilt angle of $27 irrespective of deposition method. Fig. 3 summarizes the effect of I Tpd on the tilt angle of Cu (circles) and Cr (squares) films grown at a constant average power, i.e., the samples that correspond to set 1. For films grown by DCMS (indicated with arrows in Fig. 3 ), the I Tpd was taken to be equal to the average target current density during deposition. Fig. 3 shows that the tilt angle of the columns in the Cu films decreases linearily from 53 to 37
as the I Tpd is increased from 0.02 to 2.2 Acm
À2
. This trend is in agreement with previous reports. 24, 25 The same behaviour is not seen for the Cr films, where no significant influnce of I Tpd on the column tilt is observed. The increase of I Tpd from 0.02 to 2.2 Acm À2 during the growth of Cu films resulted in a decrease of the film growth rate by about 30%. To exclude any influence of the deposition rate on the column tilt, Cu films were also deposited at a constant deposition rate, equal to the lowest value obtained by HiPIMS, while varying I Tpd from 0.2 to 1.4 Acm À2 (set 2). The column tilt values measured in these samples are also plotted in Fig. 3 (triangles) . It is seen that the tilt angle of Cu samples from set 1 (constant average power) and set 2 (constant average deposition rate) exhibit the same trend. We therefore infer that, for the conditions employed in the present study, the column tilt is primarly governed by the interactions of ionized species with the surface of the growing film rather than by the arrival rate of the film forming species. Fig. 4 presents the cross-sectional SEM micrograph of a $1 lm Cu film where I Tpd is decreased from 2.0 to 0.2 Acm À2 after depositing $500 nm (set 3). Like the previous micrographs, the film exhibits an underdense structure with columns tilted towards the incident flux. The tilt angle increases abruptly from $27 to $48 when I Tpd decreases. The change of the tilt angle ($21 ) is in fair agreement with the differences observed for samples grown at a constant I Tpd of 2.2 and 0.3 Acm À2 ($14 ) from Fig. 3 . This indicates that the reason for the different column tilt angles of the Cu films observed in Fig. 3 cannot be attributed to possible differences in nucleation characteristics (i.e., nuclei density) induced when the film encounters different energetic bombardment conditions at the various I Tpd . Instead, the decrease of column tilt upon increasing I Tpd may be attributed to the increase of the ionization degree that implies that a larger fraction of the deposited species is deflected towards the substrate normal due to the potential difference between plasma and grounded substrate (see, e.g., Ref. 24), which typically is of the order of 1-5 V. [38] [39] [40] [41] Moreover, energetic species impinging onto the substrate in a direction relatively close to that of the substrate normal (which is the case for ionized species in the present study) transfer energy and momentum to the impact site, which may enhance diffusion lengths of adatoms near the impact site in an isotropic manner. This in turn may promote downhill diffusion from island facets 42 reducing surface roughness and shadowing effects. These species may also provide the energy for adatoms to overcome the activation barrier for diffusion from the tip of the columns to the shadowed area (the driving force for this diffusion is the concentration gradient in adatom density between the tip of the column and the shadowed area, see Ref. 1). Both these effects may account for the decrease of the column tilt when increasing I Tpd . At conditions of off-normal growth, energetic species may also impinge onto the substrate at an oblique angle exhibiting preferential diffusion to the direction of the deposition flux. 43 In this case, the energy available for diffusion (and thus the diffusion length) depends on the initial energy of the incident species. In the present study, species that are mainly subjected to this type of directional diffusion are sputtered atoms and ions with energies significantly larger than that obtained from the acceleration field between plasma and substrate. In general, ion energies increase with increasing I Tpd , 44 which means that an enhanced directional diffusion may partially explain the change of column tilt when increasing I Tpd in Fig. 3 . This is not the case for atoms since Monte Carlo simulations have shown that the energy of sputtered atoms is almost independent of the deposition conditions.
The cross-sectional micrographs of two representative Cr films grown by DCMS (I Tpd ¼ 0.02 Acm
) at 180 C and 340 C are shown in Figs. 5(b) and 5(c), respectively. The micrograph that corresponds to a film grown at room temperature (originally Fig. 2(c) ) is also presented in Fig. 5(a) , for reference. An underdense structure is seen in all films, and the column tilt significantly increases from $27 via $43 to $50 as the growth temperature increases from room temperature (20 C) via 180 C to 340 C, respectively. It is also notable that the width of the columns increases with temperature, indicating a smaller nuclei density. Fig. 6 summarizes the effect of growth temperature (in terms of T s /T m ) on the column tilt of Cr films grown by FIG. 3 . Column tilt angle with respect to the substrate surface normal as a function of the peak target current density (I Tpd ) for Cu (circles) and Cr (squares) films grown at constant average power (set 1) and Cu films grown at constant deposition rate (triangles, set 2). The lines are drawn as a guide to the eye. to $50
as T s /T m is increased from 0.13 to 0.28. Increasing T s /T m within this range affects mostly surface diffusion, 45 which in accordance to what has been discussed previously should drive adatoms to diffuse from the column tips towards shadowed areas and yield a smaller tilt angle. 1, 11, 12 Since the opposite behavior is observed, a different mechanism (discussed below in the present section) has to be invoked to explain the results. Furthermore, in Fig. 6 , it is seen that at a T s /T m of 0.28 the tilt angle of the HiPIMS (I Tpd ¼ 1.0 Acm À2 ) grown film is $19 smaller than that of the DCMS counterpart, i.e., a decrease of the Cr column tilt is observed when using highly ionized fluxes at a T s /T m of 0.28 as opposed to the case of 0.13. This behavior is in qualitative agreement with the results obtained for Cu films at a T s /T m of 0.22. Fig. 7 presents cross-sectional SEM micrographs of a DCMS grown Cr film where the temperature during deposition is increased from room temperature (20 C) to 340 C approximately half-way through the deposition (set 5). Both micrographs are obtained from the same film but at different positions. In Fig. 7(a) close to all columns grow with the same angle of $30 throughout the entire deposition, which is in excellent agreement with the column tilt for the Cr films grown at room temperature ($27 ). At other positions in the film, as can be seen in Fig. 7(b) , a significant increase in tilt of $15 is observed after the temperature is increased. This change occurs when two (or more) spatially separated columns merge to form one new, larger column.
The quantity T s /T m is known to affect the adatom diffusion, resulting in different nucleation characteristics. An increased value of T s /T m yields larger and fewer nuclei with a larger spatial separation for the same substrate coverage. 46, 47 The latter implies that a larger area behind an individual nucleus is shadowed, as depicted in Fig. 8 . This allows the growth to continue more in a direction towards the flux and thus yield a larger column tilt. For Cu grown at room temperature (T s /T m ¼ 0.22), the nuclei density is expected to be relatively small and in accordance with expected to be relatively large. As depicted in Fig. 8 , this means that growth can only continue at the very top most part of each nucleus, yielding a small column tilt. We suggest that this is the reason for the difference in column tilt observed between Cu and Cr when grown at room temperature (see Figs. 2(a) and 2(c)). Another factor that can influence the column tilt is the angular spread of the incidence flux. Monte Carlo simulations showed that the normalized angular distributions of Cu and Cr at the substrate were nearly identical, with an average incidence angle of $52 . Therefore, we infer that the transport of the different species through the plasma cannot induce the large difference in tilt angle observed between Cu and Cr columns. Increase of the substrate temperature during Cr deposition yields smaller nuclei densities which, according to the proposed shadowing mechanism depicted in Fig. 8 , would increase the tilt angle of Cr columns, as observed in Fig. 6 . The suggested mechanism is further supported by the findings in Fig. 7 . When the deposition of Cr starts at room temperature, the nuclei density is large, corresponding to the condition of a small tilt angle. As the temperature increases, the resulting column tilt is only found to increase when columns merge with each other (Fig. 7(b) ). This indicates that the change in tilt is not caused directly by an increased diffusion of the adatoms, but rather that the geometrical conditions for atomic shadowing change at the new larger column tip.
Greczynski et al. 25 performed a similar study as the present for off-normally grown Cr films at a comparable range of I Tpd values. In that study, depositions were performed at room temperature in an industrial scale deposition system with a substrate bias of À150 V. It was found that the Cr columns were raised from $57 in the low ionization case (DCMS) towards the substrate normal as I Tpd increased. These results contradict those reported in the present study for Cr films grown without any intentional heating, see Fig. 3 . There it is seen that the column tilt is significantly smaller ($27 ) independent of the ionization degree, even at the lowest degree of ionization (samples grown by DCMS) where one should expect the deposition flux to be relatively insensitive to the electric field between the plasma and the substrate. There are two possible explanations for this. The first is that Greczynski et al. deposited films at a smaller pressure-distance product (about half of the value used in the present study), which should yield less scattering of the sputtered species in the plasma, leading to an increased column tilt. Another explanation is that the use of a high negative bias together with a large scale system might result in local heating of the substrates by the plasma and thus in a growth temperature above the estimated one ( 100 C). The latter could explain the different results if one accounts for the impact of the growth temperature presented in Fig. 6 .
IV. SUMMARY
Cu and Cr films have been grown at various ionization degrees on grounded substrates placed at angle of 90 with respect to the sputtering source using HiPIMS. The tilt of the columnar microstructure of Cu has been shown to be uninfluenced by the arrival rate of the deposition flux as well as any possible differences in nucleation characteristics induced by energetic bombardment. Instead, the Cu columns have been shown to be positioned closer to the substrate surface normal as the ionization degree of the incidence flux increases. Moreover, a large difference in column tilt has been observed between Cu and Cr, where the Cr columns are positioned closer to the substrate normal, when grown at room temperature at a low ionization degree. The difference has been shown to decrease and eventually vanish as the homologous temperature during growth of Cr increases from 0.13 to 0.28. Adatom diffusion on the columns cannot account for the obtained results and instead, a mechanism based on atomic shadowing at different nucleation characteristics has been suggested. Furthermore, the Cr column tilt has been found to be affected by the highly ionized fluxes only when certain nucleation characteristics are present.
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